Aim: To investigate whether aspirin has an influence on endothelial progenitor cells (EPC). Methods: Total mononuclear cells (MNC) were isolated from peripheral blood by Ficoll density gradient centrifugation, then cells were plated on fibronectin-coated culture dishes. After 7 d of culture, attached cells were stimulated with aspirin (to achieve final concentrations of 1, 2, 5, and 10 mmol/L) for 3, 6, 12, and 24 h. EPC were characterized as adherent cells that were double positive for 1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine low density lipoprotein (DiLDL) uptake and lectin binding by direct fluorescent staining. EPC proliferation and migration were assayed using a 3-(4,5-dimethyl-2 thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay and a modified Boyden chamber assay, respectively. An EPC adhesion assay was performed by replating the EPC on fibronectin-coated dishes, and then adherent cells were counted. In vitro vasculogenesis activity was assayed by using an in vitro vasculogenesis kit. Inducible nitric oxide synthase (iNOS) was assayed by Western blotting. Results: Incubation of isolated human MNC with aspirin decreased the number of EPC. Aspirin also decreased the proliferative, migratory, adhesive, and in vitro vasculogenesis capacity of EPC, and also their iNOS levels in a concentrationand time-dependent manner. Conclusion: Aspirin decreases (1) the number of EPC; (2) the proliferative, migratory, adhesive and in vitro vasculogenesis capacities of EPC; and (3) iNOS levels in EPC.
Introduction
Vascular endothelial progenitor cells (EPC) are the precursors of endothelial cells. Increasing evidence suggests that circulating progenitor cells contribute to postnatal neovascularization. These cells home to sites of ischemia, adopt an endothelial phenotype, and contribute to new blood vessel formation, but the identity of the circulating cells that contribute to neovascularization is not entirely clear. Bonemarrow-derived hematopoietic progenitor cells can give rise to endothelial progenitor cells and contribute to endothelial recovery and new capillary formation after ischemia.
Aspirin (acetylsalicylic acid) is widely used in the primary and secondary prevention of vascular disease [1] . The anti-inflammatory effect of aspirin it is believed to complement its platelet inhibitory effect, and be due to the inhibition of cyclooxygenase, resulting in decreased thromboxane A 2 production [2] . Although the major beneficial effect of aspirin is due to its inhibitory action on platelet aggregation, there is emerging evidence showing that other effects of aspirin on cells other than platelets may be equally important [3] . Therefore we investigated the effects of aspirin on the number and activity of endothelial progenitor cells from peripheral blood. Nitric oxide (NO) synthesized from L-arginine by inducible nitric oxide synthase (iNOS) is a very important signal pathway messenger in human endothelial cells [4, 5] . We detected iNOS by western blotting and discussd the role of iNOS in these effects.
Materials and methods

Isolation and cultivation of EPC Human EPC were ob-
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Effects of aspirin on number, activity and inducible nitric oxide synthase of endothelial progenitor cells from peripheral blood 1 tained from 6 healthy adults and cultured according to previously described techniques [6] [7] [8] . Written informed consent was obtained from all people involved in the study. Briefly, total mononuclear cells (MNC) were isolated from the blood of study subjects by Ficoll density gradient centrifugation. Cells were plated on culture dishes coated with human fibronectin (Chemicon) and maintained in Medium 199 (Sigma) supplemented with 20% fetal calf serum, penicillin (100 U/mL), and streptomycin (100 µg/mL). After 4 d of culture, nonadherent cells were removed by washing with phosphatebuffered saline (PBS), new media was added, and the culture was maintained through to d 7. Attached cells were stimulated with aspirin (Sigma; to achieve final concentrations of 1, 2, 5, and 10 mmol/L) for 3, 6, 12, and 24 h. o C and later fixed with 2% paraformaldehyde for 10 min. After being washed, the cells were treated with UEA-1 (10 µg/mL) for 1 h. Samples were then viewed with an inverted fluorescent microscope (Leica) and a laser scanning confocal microscope (LSCM, Leica). Cells that were doubly fluorescent were identified as differentiating EPC [7] [8] [9] . Two or 3 independent investigators evaluated the number of EPC per well by counting 15 randomly selected high-power fields (×200) with an inverted fluorescent microscope.
Migration assay EPC migration was evaluated by using a modified Boyden chamber assay (Jiangsu Qilin Medical Equipment Factory, China). In brief, isolated EPC were detached using 0.25% trypsin, harvested by centrifugation, resuspended in 500 µL M199, and counted, then 2×10 4 EPC were placed in the upper chamber of a modified Boyden chamber. M199 and human recombinant VEGF (50 ng/mL) were placed in the lower compartment of the chamber. After 24 h incubation at 37 o C, the lower side of the filter was washed with PBS and fixed with 2% paraformaldehyde. For quantification, cells were stained with Giemsa solution. Cells migrating into the lower chamber were counted manually in 3 random microscopic fields (×200) [8, 9] . Cell adhesion assay EPC were washed with PBS and gently detached with 0.25% trypsin. After centrifugation and resuspension in M199 with 5% fetal bovine serum, identical cell numbers were replated onto fibronectin-coated culture dishes and incubated for 30 min at 37 o C. Adherent cells were counted by independent blinded investigators [8, 10] . EPC proliferation assay The effect of aspirin on EPC proliferation was determined by 3-(4,5-dimethyl-2 thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. After being cultured for 7 d, EPC were digested with 0.25% trypsin and then cultured in serum-free medium in 96-well culture plates (200 µL per well). EPC were supplemented with 10 µL MTT (5 g/L) and incubated for another 6 h. Then the supernatant was discarded by aspiration and the EPC preparation was shaken with 200 µL Me 2 SO for 10 min, before the optical density (OD) value was measured at 490 nm [8] .
In vitro vasculogenesis assay The in vitro vasculogenesis assay was performed with an in vitro Angiogenesis Assay Kit (Chemicon) according to the manufacturer's instructions. Briefly, ECMatrix solution was thawed on ice overnight, then mixed with 10× ECMatrix diluent and placed in a 96-well tissue culture plate at 37 o C for 1 h to allow the matrix solution to solidify. EPC were harvested as described earlier and replated (1×10 4 cells per well) on top of the solidified matrix solution. Cells were incubated at 37 o C for 24 h. Tubule formation was inspected under an inverted light microscope at 200× magnification. Tubule formation was defined as development of a structure with a length at least 4 times its width [8, 11, 12] . Five independent fields were assessed for each well, and the average number of tubules per 200× field was determined.
Western blot analysis for iNOS The cell monolayers were washed 3 times with PBS and lysed with RIPA buffer containing phenylmethylsulfonyl fluoride and aprotinin as protease inhibitors. The cell lysates (30 µg total protein) were denatured and subjected to 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred to nitrocellulose membranes by electroblotting. The membranes were soaked in a blocking solution containing PBS with 5% non-fat dried milk and 0.05% Tween 20 for 1 h at room temperature. The membranes were incubated with iNOS monoclonal antibodies (Santa Cruz Biotechnology) for 2 h and then with peroxidase-conjugated secondary antibodies for 2 h at room temperature. The bands corresponding to iNOS were detected using a chemiluminescence reagent (Amersham). Statistical analysis Data are expressed as mean±SD.
We used one-way ANOVA and the independent-samples t-test to analyze the differences in variables. The differences were considered significant if the P<0.05. All statistical analyses were performed with SPSS 11.5.
Results
Characteristics of human EPC Total MNC that were isolated and cultured for 7 d were spindle-shaped, with an endothelial cell-like morphology. EPC were characterized as adherent cells that were double-positive for DiLDL-uptake and lectin binding under a laser scanning confocal microscope (Figure 1 ). We and other investigators have previously demonstrated that endothelial progenitor cells isolated in this fashion also exhibit many other endothelial characteristics, including expression of CD31, von Willebrand factor, and vascular endothelial growth factor receptor 2 [7] [8] [9] 11] . Effect of aspirin on number of EPC Incubation of isolated human MNC with aspirin decreased the number of EPC in a concentration-and time-dependent manner ( Figure 2 ).
Effects of aspirin on the proliferative capacity of isolated EPC Incubation of isolated human MNC with aspirin
decreased EPC proliferative capacity in a concentration-and time-dependent manner (Figure 3) .
Effects of aspirin on the migratory capacity of isolated EPC Incubation of isolated human MNC with aspirin decreased EPC migratory capacity in a concentration-and timedependent manner (Figure 4) .
Effect of aspirin on the adhesive capacity of isolated EPC
Incubation of isolated human MNC with aspirin decreased EPC adhesive capacity in a concentration-and time-dependent manner ( Figure 5 ). 
Effects of aspirin on EPC in vitro vasculogenesis
Incubation of isolated human MNC with aspirin decreased the in vitro vasculogenesis capacity of EPC cells in a concentration-dependent manner ( Figure 6 ).
Effects of aspirin on EPC iNOS Western blot analysis
showed that the expression of iNOS was significantly decreased by aspirin in a concentration-dependent manner (Figure 7 ), strongly suggesting that the inhibitory effect of aspirin is mediated through decreasing NO.
Discussion
There is strong evidence that EPC plays a significant role in neovascularization and re-endothelialization, particu- larly under ischemic conditions. Recently, it has been noted in animal and human subjects that EPC contribute up to 25% of endothelial cells in newly formed vessels [13, 14] . Thus, increasing the number of circulating EPC by transplantation of hematopoietic stem cells or by injection of in vitro differentiated EPC has been shown to improve neovascularization of ischemic hindlimbs [15] , accelerate blood flow in diabetic mice [16] , and improve cardiac function [17] . Moreover, Vasa et al have recently reported that patients with coronary heart disease (CHD) have reduced levels and functional impairment of EPC, which correlate with risk factors for CHD [9] . In addition, we have previously observed that hyperhomocysteine, a major risk factor for cardiovascular diseases, induces a reduction in EPC levels with decreased functional activity in vitro [8] . Therefore, stimulation of mobilization and/or differentiation of EPC may provide a useful novel therapeutic strategy to improve postnatal neovascularization and re-endothelialization in patients with CHD.
Aspirin is widely used in the primary and secondary prevention of vascular disease. The anti-inflammatory effect of salicylates is believed to complement their platelet inhibitory effect and is thought to be due to the inhibition of cyclooxygenase, resulting in decreased thromboxane A 2 production. Aspirin inhibits cyclooxygenase by acetylating the serine residue in the active site of the enzyme [18, 19] . Bernhardt et al [20] have reported that high concentrations of aspirin can inhibit smooth muscle cell proliferation. Marra et al [21] have shown that aspirin inhibits the proliferation of smooth muscle cells through inhibition of cyclin-dependent kinases, which hyperphosphorylate the retinoblastoma protein. Oberle et al [22] have discovered that aspirin increases the resistance of endothelial cells to assault by free radicals through ferritin synthesis. An antiarrhythmic effect of aspirin has been found in platelet-depleted dogs subjected to coronary occlusion [23] . Kharbanda et al [24] have reported a protective effect of aspirin against endothelial dysfunction. Husain et al [25] have reported that improvement of endothelial dysfunction with aspirin may improve vasodilation, reduce thrombosis, and inhibit the progression of athero-sclerosis. Ranganathan et al [26] have reported that aspirin inhibits the synthesis of protein and DNA by upregulation of p53 expression in endothelial cells. p53 is an inhibitor of cyclin-dependent kinases (Cdk) [27] . Activation of Cdk is important in the hyperphosphorylation of retinoblastoma protein, which activates the transcription of several genes required for the progression of the cell cycle [28] . The present study shows that aspirin (1) decreases the number of EPC; (2) decreases the proliferative, migratory, adhesive, and in vitro vasculogenesis capacity of EPC; and (3) decreases EPC production of iNOS in a concentrationand time-dependent manner. Katsuyama et al [29] showed that aspirin dose-dependently inhibited cytokine-stimulated NO production and iNOS protein expression. NO can enhance EPC proliferation and function through activating the PI3K/Akt signal pathway [30, 31] . Circulating EPC are constantly exposed to inflammatory factors, such as cytokines and oxidized lipoproteins. Atherosclerosis in general is indicative of a low grade inflammatory process, and atherosclerotic plaques that are prone to rupture and result in acute coronary syndromes reveal an intense inflammatory state [32, 33] . Therefore, the effects of aspirin on EPC in the inflammatory condition must be studied further. Aspirin is a cornerstone of therapy in acute coronary syndromes [1, 3] , and has been shown to reduce atherosclerosis-related events in a multitude of clinical studies [34] . Although most of the benefits of aspirin have been ascribed to its anti-platelet aggregatory properties, nonplatelet-mediated effects are also thought to contribute to its salutary effect.
